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Pr ophyl actic Uses of Fully Reduced Fornms of HMEBlI Prior To Injury

This application clainms the benefit of US. Provisional Application
No. 62/655,736, filed April 10, 2018, the contents of which are hereby

i ncorporated by reference.

Throughout this application various publications are referenced by
the last nane of the first author and the year of publication. Ful |
citations for these publications are set forth in a section entitled
Ref erences immediately preceding the clains. The disclosures of all
referenced publications in their entireties are hereby incorporated
by reference into this application in order to nore fully describe

the state of the art to which the invention relates.

Background Of |nvention

Adult stem cells are an essential conponent of tissue honeostasis wth
i ndi spensable roles in both physiological tissue renewal and tissue
repair following injury (Wissnman 2000) . The regenerative potenti al
of stem cells has been very successful for haenatol ogical di sorders
(Gratwohl 2015) . In contrast, there has been conparatively little
clinical inmpact on enhancing the regeneration of solid organs despite
the continuing najor scientific and public interest (Brooks 2017)
Strategies that rely on ex vivo expansion of autologous stem cells on
an individual patient basis are prohibitively expensive (Trainor 2014)
and success in aninmal nodels has often failed to translate in late
phase clinical trials. The use of allogeneic cells would overcone the
problems of I|imted supply but comonly entails risky lifelong
i mmunosuppressive therapy. Sone safety concerns remain about induced
pl uri pot ent stem cells (Dimmeler 2014) . Furthernore, successf ul
engraftnent of exogenous stemcells to sites of tissue injury requires
a supportive inductive niche and the typical proinf |lanmatory scarred
bed in damaged recipient tissues is sub-optinal (Forbes 2014) and
cells that do engraft appear to largely act by release of paracrine
factors rather than functional replacemrent of damaged cells (llic
2012) .

An attractive alternative strategy, which overcones many of the

limtations descri bed above, is to pronote repair by directly
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thar nessi ng the regenerative jpotential «of «@ndogenous sstem «cells
(Di mrel er 2014, Lane :2014) . 'This requires :identification @f lkey
soluble jrediators ithat «enhance fthe :activity of sstem «cells @nd can be
administered systemically (Zhang 2015, Smith 2017) . An interesting
5 observation was jade in 1970 that a primng injury at @a distant site
at the time or before the second trauma resulted in accelerated ‘healing
(Joseph 1970, Davis 2005) . ‘This phenomenon was only explained
o ecently, when it was shown that a isoluble nediator is released
following the prining tissue injury which transitions stem cells in
10 the contral ateral limb to a state the authors terned 'Gaiert (Rodgers
2014), which is intermediate between Go and i. In the preserices of
activating factors the prined gniert cells enter the cell cycle rore
rapidly than quiescent stem cells, leading to accelerated tissue
repair (Rodgers  2014) . However, the identity of the soluble

15 nediator (s) that transition stem cell to Gug, remain to be clarified.
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Summary Of The | nvention

The present invention provides a method of preventing

consequence of an anticipated injury to the subject

PCT/IB2019/000384

in a subject a

whi ch conpri ses

adm nistering to the subject an anpbunt of either (a) the fully reduced

(all thiol) form of HM31l, or (b) a truncated form of HMEBl having

the biological activity of the fully reduced form of HM3EBl, effective

to prevent the consequence of the anticipated injury

in the subject.
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Brief Description Of The Figures

Figure 1: Alarnmins are elevated post-injury in humans and nmice, and
HMVGBI primes human MsSCs for osteogenic di fferentiation. (A B)
El evated plasma |levels of S100A8/ A9 and HMGEBlI post-fenoral fracture
in patients (A and mice (B , collected within 4 hours, and at 3 hours
post-fracture respectively (n = 15 fractured and 15 unfractured human
patients, and 6 unfractured and 4 fractured mce) (¢ Results of in
vitro osteogenesis screen of alarmins wusing human MSC and nonocytes
represented as a heat map. Geen = elevated, red = reduced, black =
unchanged; colour brightness indicates dose trend. G indicates that
the box is colored Geen, LG neans |light green and DG neans dark
green. R indicates that the box is colored Red, LR neans |light red
and DR neans dark red. Al data shown and quantified in Fig. 6. (D
F), Osteogenic differentiation is unchanged in hMSCs primed with
S100A8 (pb) , but increased when prined with FR (g , or 3S-HMEB1 (A,
as measured by ALP activity (n = 3 hMSC and 3 nobnocyte donors for each
condi ti on, with simlar results in 3 independent experi ments;

significance is versus OM control) . DM = nmmintenance nedia, OM =

ost eogeni ¢ nedi a.

Figure 2: HMEBI accelerates fracture healing via CXCL12-CXCR4 . (A
B) Local addition of FR or 3S-HME1l accelerates fracture healing,
compared to CXCL12 or vehicle controls, as shown by in vivo mcroCT
radi ographs (A , and analysis of callus volune, callus bone m neral
density (BMD) and day 28 nechanical strength (B (n = 10 mice for each
condition) . (o9 Hmgbl /- mice have markedly delayed fracture healing
conmpared to Hmgbl fI/fl control mice as shown by reduced callus volune,
callus BMD and day 28 nechanical strength (n = 7 Hngbl Y- mce, 8
Hrgbl /it mce) . (D E) Elevated plasma levels of HMGEB1-CXCL12
het eroconpl ex post-fracture in patients (p and mice (E), collected
within 4 hours, and at 3 hours post-fracture respectively, and
inhibition of HMGEB1-CXCL12 heteroconplex formation with glycyrrhizin
treatment (n = 15 fractured and 15 unfractured human patients, and 6
unfractured and 4 fractured mice) . (F, ) Aycyrrhizin delays fracture
healing conpared to vehicle controls (F), and AMD3100 abrogates the
effects of exogenous FR or 3S-HME3B1 (g as shown by callus volune,

callus BMD and day 28 nechanical strength (n = 10 mce for each
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5
condition) . (H 1) nBSCs express functional surface (CXCR4 @as :sshown by
FACS histogram plot (i (n = 4 mice for each condition) , and tine-

lapse :mcroscopy trajectory wplots of nSSC§8 migrating to CXCL12, or 0%
or 20% FBS control 1) (n = 50 «cells for each condition, wth simlar
results observed in 3 independent experinents; IDMEM = 1Dul becco's

Modified Eagle Mdium .

Fi gure 3: HMEB1 transitions stem cells to Gai, (A nBSCs from ani mal s

ort
treated |ocally w.th exogenous FR or 3S-HME1 dynanmically adapted to
the known physiologically rising levels of activating factors wth a
sustained higher propensity to cycle (n = 4 mice for each condition
and time point) . (B Effects of exogenous FR or 3S-HMGB1 are mrORC
dependent in vivo because they are abrogated wth rapamycin treatnent,
as shown by callus volune, callus BMD and day 28 nechanical strength
(n = 10 mce for each condition) . (¢ nBSCs, nHSCs, and mMVuSCs from
the |linmb contral ateral to fracture (fracture (# alerted) of Hngbl -/~
mice display equivalent ATP levels as quiescent cells from uninjured
Hrgbl - and Hmgbl f1/fl mice (n = 4 mice for each condition) . (D-F) nBSCs,
nmHSCs, and nmMuUSCs. from mice treated systemically wth FR or 3S-HVSEB1
display increased cellular ATP levels (D) mtochondrial DNA (E) (n =
4 mice for each condition, separate experinents for each paraneter) ,
and cell size (F) (n = 100 cells for each condition, wth simlar
results observed in 3 independent experinments from n = 4 nmice per
condition), conpared to vehicle controls, and equivalent to fracture
#al erted cells.. () nBSCs, mHSCs,. and nmvuSCs from mce treated
systemically w.th FR or 35S HME1 display faster entry to cell cycle,.
but slower than cells from the ipsilateral limb to the fracture

(fracture (#) activated) cells (n = 4 mce for each condition and tine

point) .

Figure 4: HMGBl1 accelerates healing of nultiple tissues, even if
adnini stered 2 weeks before injury. (A-C) Systemic admnistration of
FR or- 3S-HMEB1 accelerates: haematopoietic : recovery - following  5-FU
nyel oabl ation = (A)), as shown. by peripheral |eucocyte: (B! and. neutrophil .
counts: (¢cy (n. = 8 mce: each. for- FR and. 3S-HMEB1l. conditions, . 9 mce:
for- vehicle. controls)). (DF)) Local. adnministration of FR or 3S HVGEB1
accel erates ; nuscle. regeneration following Bad2 injury (D), as shown.

by increased muscle. fibre: cross: sectional . area. (CsA)l (E and ry (n = 4
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for each condition @and tinme point) . ((GM) Systemic @dnministration of

IFR or 3S-HMEB1l 2 weeks jprior itwo injury @accelerates: fracture lheal i ng

(G as shown by in vivomcroCT radiographs (in, «allus volune, «allus

BMD and -nechani cal strength 1) (n = 10 mce for weach wcondition);
haemat opoi etic recovery (J) as shown by peripheral 1leucocyte (X)) and
neutrophil counts (L) (n = @8 mce each for FR and 3S-HVGBI «condi'tions,

9 mce for vehicle controls); .and nmuscle regeneration (J) as :shown by
increased nuscle fibre cross ssectional area {(CSA (M) (n = 5 mice for
each condition and time point), shown iis the nmean fibre (CSA pm2 for
tinme 3.5, 7, 14, and 28 days. For each time there are 3 bars, the
first bar (from left to right) represents the vehicle, the second
represents the FR-HMGB1 and the third bar represents 3S-HVGBl. (N
Schematic of dynamc and .adaptive HMGBI - CXCLi2=CXCRj=GAert accel erated

tissue regeneration pathway.

Fi gure 5: Time course of alarmins post-fracture and schematic

-

0
redox. states and functions of HMEB1. (A, B) Crculating levels o

oo

S100A8/A9 (A and HVMEB1 (B in plasma after fenoral fracture over 2
days. Plasma sanples were collected at 1 h, 3 h; 6h, 10 h; 5d; 7 d

and 28 d post-fracture and from unfractured mice (m = 4 mice for each

0
1Q

ndition and tine point). (9 HMEB1 function is dependent on the

=

edox status. Nucl ear HVGEBI is fully reduced and in this state
extracel |l ul ar HMEBI enhances the chemptactic activity of CXCL12 by
formng a heteroconplex with this chenokine and binding to the
receptor CXCR4 . Fully reduced HMEBI can be oxidized to the disulfide

form which is proinf lammatory but has no chemptactic activity.. Fully
oxidized HMEBI is inert. Substitution of cysteines at C23,. C45 and
Cl06 by serines prevents oxidation and the nolecule behaves as in the

all_ thiol fully-reduced = form.

Figure e6: Full human MSC' and. nonocyte : osteogenesis : screen.. (A} Only’
human. nonocytes ; treated. with. LPS,. S100A8,. S100A9,. or DS-HVEB1l. show
elevated levels: of TNF,, significance: is versus: RPM" control.. (B! No
alarmin affects: osteogenic: differentiation . when. added. directly f.o
hMSCs; in OM. significance : i.s versus: OM control.. (c. D) Mnocytes: co-
cultured) with, hMSCS; (0) or supernatant : from hunman: nonocytes: (D),

reated; with, LPS,, S100A8,, SI100A9,. or: DS-HMGEB1. inhibit: osteogenic :

—

differentiation , of: hMSCs; i.n. a dose-dependent : manner,, significance:® i$
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7
versus OM control. () Only hMSCs primed with FR or 3S-HMEB1 show
i ncreased osteogenic di fferentiation, signi ficance is versus OM

control, n = 3 hMsC and 3 nonocyte donors for each condition for all
experiments (A-E), with simlar results in 3 independent experinents.

(F) Heat map representation of conplete in vitro osteogenesis screen
of alarm ns, conpared to a PAMP, with circulating alarmns post-
injury, wusing human plasma, hMSCs and nonocytes. Geen = elevated,

red (R = reduced, black = unchanged, grey = not applicable or not
done; <colour brightness indicates dose trend. G indicates that the
box is colored Geen, LG neans |light green and DG neans dark green. R
indicates that the box is colored Red, LR neans light red and DR neans
dark red. DM = naintenance nedia, OM = osteogenic nedia, sV =

oncostatin M.

Figure 7: Fracture healing nodel, analysis and HMEBl dose response.

FR and 3S-HMEB1 do not induce proinf |lamatory cytokine production in
vivo, and |ocal exogenous addition of CXCL12 increases cell mgration
to the fracture site. (A G Mirine fenmur fracture nodel shown with
illustrations and 3D mcroCT reconstruction (A), external fixator in
situ (B), and schematic of region of interest (¢ . (D, E) Best curve
fitting of callus volune data (D) with mathenatical nodel ling and F-
test () . (F, G) Mechanical strength testing apparatus setup (F) -and
assessment (9 . (H) Mce treated locally with 3S-HVMEB1 show inproved
fracture healing by nechanical strength testing in a dose-dependent

manner, with a plateau in efficacy at 0.75 mg/kg (n = 10 mice for each
condition) . (I1-K) TNF, IL-6 and I1L-10 levels are equivalent to vehicle
controls after i.v. admnistration of FR or 3S-HMEB1l. DS-HME1 and.
LPS used as positive controls and resulted in elevated levels of all
three cytokines as expected. Plasma sanples were collected at 0.5 h,
1 h, 3h, 18 h, 48 h and 2 weeks (n = 4 mce for each condition and
tinme point) . (L) Local administration of CXCL12 resulted in increased
mgration of cells to the fracture site 12 h post-injury as shown by
nore non-cycling (BrdU-) cells per fractured femur (n = 4 mce for

each condition)

Figure 8: Generation and validation of Hrgbl Y- mice. (A) Schematic of
generation and tineline for tamoxifen admnistration and deternning

mMRNA expression and intracellular levels of HVMEB1 in Hmgbl - nice.
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(B, <) :Skeletal, lbone marrow, and nuscle «<ells from Hmbl 7~ nice show

markedly reduced mmRNA expression «©of HMEBL (B , and intracellular

evels of HMEBL protein (o «conpared to .Hgbl /il «controls, as
demonstrated lby gRT-PCR a@and intracellular IFACS :staining respectively
fn = 4 mice for each condition) . MFl = Median Fluorescence Intensity.
(B) Schematic of determination wof extracellular 1evels of HMEBI post-
fracture in Hmbl ~~ mce. ¢ Plasma levels wof extracellular HVEBI
are markedly lower in Hmbl /- fractured nice conpared to Hugbl fi/fl
fractured mce, and equivalent to Hrgbl /- unfractured mice (a = 4 mce

for each condition) .

Figure 9: In vivo microCT radiographs of genetic ablation and
phar macol ogi cal inhibition of HMEB1-CXCL12-CXCR4 . time course of
HMGEB1- CXCL12 het er oconpl ex post-fracture, and nSSCs express

functional CXCR4. (A Hmgbl ~- nice show markedly delayed fracture
healing conpared to Hngbl fi/il controls, as shown by in vivo mcroCT
radi ographs (n = 10 nice for each condition) . (B GCirculating [evels
of HMCGB1- CXCL12 heteroconplex in plasma after fenoral fracture over
28 days. Plasma sanples were collected at 1 h; 3 h, 6 h; 10 h; day 5:
day 7 and day 28 post-fracture, and fromunfractured mce (n = 4 nice
for each condition and time point) . (¢ dycyrrhizin delays fracture
healing conpared to vehicle controls as shown by in vivo mcroCT
radi ographs.  (n. = 10 mice for each condition)'. (D) AVD3100' abrogates:
the effects of exogenous: FR or 3S-HMEB1 as shown. by im vivo mcroCT'
radi ographs (n = 10 nmice. for each condition) . (B' nBSCs: nigrate: to
CXCL12, with a dose response,. as deternmned. by time |apse nicroscopy
and neasured by Euclidean. distance: (n = 50 cells: for each condi'tion,

simlar results: observed in 3 independent. experinments):.

Figure 10:: HMEBI. transitions; murine: and: human. stem cells: to G,
exogenous; HVGBL. rescues: the: ATP' Gaie,,. phenotype: i n. Hmgbl 7~ mice,  CXCLIZ
2
weeks; following i.v.. HMGB1. despite: circulating  level's: off HM®BI. bei ngi

and: stem cells: remain. i G

does; not: transition. nB8SCs; to G A ort

Aert-?
at: steady' state: levels: at. this: time.. (a) Rapamycin. abrogates: t he:
effects; of’ exogenous; FR or: 3S-HMGEB1. ass shown. by’ mi cr oCT! radiographs. -
(B)) MHSCs; andl mVuSCs; express:; CXCR4l, asi shownt by FACS hi st ogram: plotss
(n = 4 mices for: each condition,, witht simlar: resul'tss observed! im 3

i ndependent : experinents)). (C. D) hHSPCss andl hMSCs; treatedl witht FR or:
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3S-HMEB1 show el evated «cellular ATP levels (0, :and mtochondrial IDNA
(o conpared to vehicle controls, lut imuch lower than IFN-y or BMP2
activated cells respectively (n = 4 HSPC donors, 4 hMSC donors, wth
simlar results o©bserved in 3 .independent experinents) . (g mvuSCs
from mce treated with a «cMet inhibitor (PHA 665752) wor anti-cMet,

express substantially less surface CXCR4 conpared to controls, as

t

X
hown Dby FAGS histogram plot, and quantified by Ml (n = 4 mce for
a

h condition) . MFI = Median Fluorescence Intensity. (r Hrgbl ~" nice

‘D

treated with FR or 3S-HMEB1 show el evated ATP |evels for nBSCs, nHSCs
and mVuSCs from contralateral |inmbs of fractured (#» mce ( = 4 mice
for each condition) . (o9 Systemic admnistration of CXCL12 does not
lead to increased ATP levels in nSSCs conpared to vehicle control i#
= 4 mce for each condition) . ¢« ATP levels of nBSSCs, nHSCs, and
mVUSCs. remain elevated after 2 weeks following treatnent with FR or
3SHMEB1 (n = 4 mice for each condition). (1) 2 weeks following i.v.
R or 3S-HMEB1 systemic HMEB1l levels are equivalent to steady state

levels (n = 6 steady state mice and 4 mice for each FR and 3S- HMGBI

conditions ),
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Detail ed jDescription (©f 'The Invention

Ternms

s used therein, and wunless stated otherwise, each ©of -the follow ng

ternms shall thave the definition set forth lbel ow

As wused herein, including the appended «clains, the singular forms of

3

rds such as ™a," "™an," and "the," include their corresponding plural

references

unl ess the context clearly dictates otherw se.

s used herein, "effective" as in an amount effective to achieve an
end neans the quantity of a conponent that is sufficient to yield an
therapeutic response w thout wundue adverse side effects

(such as toxicity, irritation, or allergic response) commensurate with

a reasonable benefit/risk ratio when wused in the manner- of this

| osure.  For exanple, an amount effective to treat a patient
undergoing chemotherapy. The specific effective amount will vary wth
such factors as the particular condition being treated, the physical

ondition of the patient, the type of mmmal being treated, the

Q0

uration of the treatnment, the nature of concurrent therapy (if any) ,

and the specific formulations enployed and the structure of the

conpounds or its derivatives.

As used herein, an "amunt" of a conpound as measured in ni'lligranms
refers to the nilligrams of conpound present in a preparation,
regardl ess, of the form of the preparation.. An "anobunt of conpound’
which is 90 ng" neans; the anmount of the conpound in a preparation is
90 ny, regardl ess. of the form of the preparation. . Thus, when in the

formwth a carrier,. the weight of the carrier  necessary to provide: a

dose, of 90 mg conpound would be greater - than 90 mg due to the presence:
of the carrier.,
As, used herein,, "about"' in the context: of’ a nunerical . val ue: or range:

nmeans; +#10% of: the, nunerical ~value:. or range: recited! or clai med::

As, used| herein,, to "treat"  or- "treating"' enconpasses, . e.g.,. inducing;j

i nhi bition, , regression,, or- stasis; of' the disorder: and/or- disease: or
promotion, of: repair- andi regeneration, or: recovery.. As; usedl herein,,

"inhibition" - of: disease. progression, or: disease: conplication. im a
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Subject neans preventing «©r reducing ©r reversing fthe «disease

progression and/or disease conplication :imn the subject.

As wsed jherein, ™albiologically :active truncated formof HMEBL™ shall
be understood to include all biologically active truncated forns of
HVGB1 described in the prior art as wof the filing date of this

,a_ppl i cation .

The present invention provides a method of preventing a consequence
of an anticipated injury in a ssubject which «conprises .admnistering
to the subject a therapeutically effective anount of the fully reduced
formof HVMEBI or a biologically active truncated form of HVMEBI, so0 as

to prevent the consequence of the anticipated injury.

1n one enbodinment, the fully reduced formof HMEBI, or the biologically
active truncated form of HMEBI fornms a heteroconplex wth CXCL12
capabl e of binding to CXCR4.

In sonme enbodi ments, the heteroconplex binds to CXCR4 .

In one enbodinment the fully reduced form of HMGEBI, or the biologically
active truncated form of HMEBI acts on a tissue of the subject which
relies on repair by stemcells or other cells with reparative potential

express the surface receptor CXCR4.

In anot her enbodinent the anticipated injury is an injury to a tissue

of the subject which relies on repair by stem cells or other cells

with reparative potential that express the surface receptor CXCR4.

In n enmbodi nment the anticipated injury is surgery.. In some
enmbodi nents., the surgery is an elective. surgery.. I'n sone. enbodinents.
the elective. surgery: involves: tissues: that. rely on repair by CXCR4

positive. cells.,

I'n one enbodi nent . the. CXCR4. positive: cells: arer CXCR4+ stem cell's.. The:
surgery: may: be knee,. hip,. ankle,. shoulder,. elbow,. wist, digital,
pelvic: or- spinal. surgery., I'n. one: enbodinment . the surgery i.s joint.
repl acement . surgery- or- fusion. surgery.. I'm anot her : enbodi nent . the:
surgery. is surgery- to,, of affecting,. the: skin,, abdonen. and! vi'scera:

therein,, thoracic: viscera,. abdom nal . viscera,, pelvis: viscera, . head!
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and neck, brain, eye, spinal cord and associated nerves or blood

vessel s .

In one .enbodinent the anticipated injury is an injury to a bone or a
bone tissue. The anticipated injury may be a . bone fracture. In sone
embodi nrents the nmethod inproves bone fracture healing in the subject

after the anticipated injury.

In some enbodinments the anticipated injury is an injury to the heart

or other nuscle. The other nuscle may be skeletal nuscle.

In some enbodinments the anticipated injury is an injury to skin. In
other enbodinments the anticipated injury is an injury to cartilage.

In another enbodinment the anticipated injury is an injury to cartil age

in joints. In additional enbodinments the anticipated injury is an
injury to liganents or tendons. In further enbodinments the
anticipated injury is an injury to an eye. In another enbodinent,

the anticipated injury is an injury to the brain. In anot her

enmbodi nent, the anticipated injury is an injury to the abdonen and/or
abdom nal viscera. In a further enbodinent, the anticipated injury
is an injury to thorax and/or thoracic viscera. |In an additional
enmbodi nent, the anticipated injury is an injury to the skin, abdonen
and pelvis and/or viscera therein, thoracic viscera, pelvic viscrea,
brain, eye, spinal cord and/or associated nerves, head and/or neck,

peri pheral nerves, or blood vessels.

In one enbodi mrent the nethod inproves blood cell regeneration in the
subject after the anticipated injury. In another enbodinment the
nethod inmproves bone nmarrow regeneration in the subject after the
anticipated injury. In a further enbodinent the nmethod inproves

tissue regeneration in the subject after the anticipated injury.

In one enbodinment the tissue is bone tissue, haenmatopoietic tissue,
or mnuscle tissue. In another enbodiment, the tissue is epithelial,
connective, or nervous tissue. In a further enbodinment, the nethod
i nproves regeneration of organ tissue in the subject after the

anticipated injury.
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Ssonme enbodi ments it he «consequence :is itissue «damage @r itissue 1oss,

©
e

+ =

jbl ood danmage ©or jblood loss. Iin ©other «enbodinents it'he conseqguence

[,

7

del ayed fracture jhealing or @bnornal regeneration.

1n one enbodiment the subject :is anticipated to lbe involved imn an
activity jknown <o cause @an increased risk ©f sustaining t’he
anticipated injury. I;n another enbodinment the subject is anticipated

1o be involved in sports activities or inmlitary «conbat.

1n some enbodiments the admnistration is systenic. In other

enmbodi nents the administration is local.

1n

e

ne enbodiment the fully reduced form of HVEB1 is administered 10
he subj ect. 1n another enbodinent the biologically active truncated
orm of HMGB1 is admnistered to the subject. Tn another enbodinent
he full y reduced form of HMEBI, or the biologically active truncated

t
form of HMGBI, is a fully reduced (FR all-thiol HMEBI (FR HVGBI ).

In one enbodiment the fully reduced form of HMGEBI, or the biologically
active truncated form of HMEBI, is a reconbinant non-oxidizablé one-
serine form (1S) of HMEBI (1S-HVEB1l) in which a cysteine at one of
C23, C45, or Cl06 is replaced by a serine.

In anot her enmbodi nent the fully reduced form of HMGBI, or the
bi ol ogi cal I'y active truncated form of HMEBI is a reconbihant non-
oxi di zable . two-serine. form (2S) of HVEBI" (2S-HVEB1)! in which. fthe
cysteines . at both C23 and CA5 or both C45 and Cl06 are repl'aced” by a

.5., e,r._i _rl_e_,‘ S

In a further . enbodiment . the. fully  reduced form of HMEBI,. or fthe
biologically - active. truncated . form of HM3BI,. is a reconbi nant . norm--
oxi dizable , all-serine., form (3s)) of HMEBI. (3S HMEBL)} in which: fhe
cxstei nes ; at: each, of C23,, C45,, and| Cl06; are: replaced! by a serine..

I'n, a further. enbodi nent . the, adm nistration. of’ the: fully  reducedl form
of: HMGBI, , or- the; biol ogically- active: truncatedi form of? HVGBI,, i'ss one:

day- t-o, one; nonth, prior: to, the: anticipated!l injury..

This; invention, will_ be better: understoodi by reference: to the:

Experinental Details; which, follow, but: those: skilledl im the: art: will.
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readily appreciate +that the sspecific experinments detailed are only
illustrative of the invention as described mnore fully in the «lains

which follow thereafter.

Exanpl es

Alarmins are a group of evolutionarily unrelated endogenous nolecules
with diverse honeostatic intracellular roles, which when released from
dying, injured or activated cells trigger an inmune/inflanmatory

response (Harry 2008, @ ass 2011, and Chan 2015) . Miuch effort has been

=+

ocused on their deleterious role in autoinmne and inflamatory

conditions (Chan 2015, Scaffidi 2002, Terrando 2010, Harris 2012, and
Horiuchi 2017) . Of the few studies (Chan 2012, Tirone 2018) that have
investigated the role of alarmins in tissue repair, none have used a
conbination of human tissues and multiple animal injury nodels to
characterize their effects on precise flow cytonetry-defined
endogenous adult stem cells in vivo. In the following exanples, it
has been denobnstrated that Hi gh Mbility Goup Box 1 (HV3B1) is a key
upstream medi ator of tissue regeneration which acts by transitioning

CXCR4+ skeletal, haematopoietic and nuscle stemcells from G, to Gut-
The following exanples also denpnstrate that, in the presence of
appropriate activating factors, exogenous adnministration before or at

the tinme of injury leads to accelerated tissue repair.
Exanple 1
Materials and Methods:

The objective. of this study was: to understand the role of alarnins: in

i ssue- regeneration in vivo through their effects on adult. stem cells,:

—

and the translational rel evance: of these: findings.. We used human
sanpl es; and primary human. cells: and. multiple nurine: nodel's of injury
and regeneration., For- prospective: multi-parameter - flow cytometry’
assays,. we used. well-established . skeletal,. haematopoietic: and muscle:
stem cell-surface:. markers,. and published . isolation. protocols: (Chan
2015,, Wl son 2008,, Liu. 2015)). Sanple: size: (ni values)) are: reported: as
bi ol ogi cal . replicates; of human. donors: and. mice.. The: magni tude: of the:
effect. and variability  in the: measurenents: were: used! to determnine:

sanmpl e: size: and. replication. of data.. The: genotypes: andl experimental .
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conditions «©of each nouse/sanple were not readily known to the
experimenters during sanple processing and data collection. Animals
were excluded from the study only if their ‘thealth status was

conprom sed .

Human and nurine plasna: Plasma sanples from wpatients who had
sustained fermoral fractures and from healthy unfractured controls were
obtained from the John Radcliffe Hospital (REC. 16/ SW 0263, PID:
12229, 1RAS: 213014) . The human plasma sanples were from the patient's
first

i n-hospital bl ood sanpling, typically wthin 4 hours post-
fracture. Mirine plasma was collected 3 hours post-fenoral fracture

via cardiac puncture from 12 week wold female C57B16/J wld type,

Hngbl fi/fl . Hrgbl /- mice, and from healthy wunfractured controls. For
the circulating | evel s of HMGEB1, S100A8/ A9 and HMGEB1- CXCL12"
het er oconpl ex over a 4 week period, murine plasma sanples were

collected from 12 week old female C57B16/J wild type at 1 hour, 3
hours, 6 hours, 10 hours, 5 days, 7 days, and 28 days after fracture
injury. To assess the induction of inflammation-related cytokines by
HVEB1, plasma sanples were collected via cardiac puncture from 12 week
old female C57B16/J wild type nice at 0.5 hours, 1 hour, 3 hours, 18
hours, 48 hours, and 2 weeks post intravenous (i.v.) administration
of 0.75 ng/kg of FR, or 3S-HMEBl. Sanples were collected at 3 hours
post i.v. administration of 0.75 ng/kg of DS-HM3B1, or 0.5 pg/kg of
LPS, | human and nurine sanples were aliquoted, frozen, and stored

-80°C before being thawed and assayed..

Mce:: ALl animal procedures were approved by the institutional ethics
conmittee. and the. United Kingdom Honme: Ofice (PLL 71/7161,. and PLL
30/3330);, and were. performed on skeletally mature: 12-14 week old
female. C57BL/6J  (Charles: River)), and transgenic. mce.. Hngbl 7~ m'ce:

were. generated by crossing  Hngbl f1/fl (Riken)) with Rosa-CreER 72 nice

(Jackson Laboratory),, and at. 10 weeks: of age: admnistering 3
intraperitoneal =~ (i.p.)) injections: of 1.5 mg tanoxifen. (Sigma) on
alternate., days: over- a 6 day period,. in a mxture: of sunflower - seed
oil . (Sigm)); and: 10% ethanol . (WR):. Mce: were: used. 7 days: after  the

[ast: tanoxifen injection., Hrgbl:/- mce: were: obtained. at: the: expected!
Mendel ian  ratio, with no adverse: phenotypic : side: effects,. and! Hngbl i/l

mce. (not: crossed with, Rosar Cre-ERT2i/+ mice)y treated. with. tanoxifen.
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were wused as controls. Animals were genotyped by PCR of wearclip DNA
with the primer sequences in Table 1 below, wusing the HotStart Muse

Genotyping Kit (Kapa Biosystens).

Table 1: Primers for genotyping of mce and g-PCR experinents

Primer Hmght™? Primer Rosa-CreER™
HMGBL | e ATGCCACCCTGAGEAGTT | SO™™OM | A AGGGAGCTGCAGTGGAGTA
Forward Forward
HMGB1 wild
, TETGCTCCTCCCGGCAAGTT Type | CCGAAAATCTGTGGGAAGTC
Reverse v
Roverse
MUBIt | S FTATTCAACTTGCACCA
Reverse

Fracture nodel

Animals. were anesthetized by aerosolized 2% isoflurane, gi ven
anal gesia and transferred to a warning pad. The right upper hind linb
was: shaved. and. skin prepared. with povidone: iodine solution.. After
incising the skin, the fenur was exposed. by blunt dissecting through
the. fascia |ata between. the: biceps: fenoris: and gluteus. superficialis:
muscl es. ., A commerci al external fixator jig was: fitted. (Rl Systenm: and
a 0.5 mm osteotony created in the fenoral diaphysis:with a Ggli. wire..
The. wound. was: closed with interrupted non-absorbable 6/ 0 Prol ene:
sutures: (Ethicon)). Imrediately postoperatively all mice: were: given
subcut aneous . hydration, . analgesia. and allowed. to nobilize freely..
Postoperative . analgesia. continued. for- 2 days.. Mce: were: treated:
locally- at: the time: of injury- with.: an injection. intoo the: fascial.
pocket . surrounding : the: osteotony  of: 0.75 my/ kg  FR-HMEB1. (HMGBi otech)),
0.075, mg/kg,, 0.75 ng/kg,. or 7.5 ng/kgr 3S-HMEB1. (HMGBiotech),. 0.075
ng/ kg- CXCL12: (R&D)), or: 50 Wi. PBS vehicle: control;: 50 ng/kg gl ycyrrhizin.
(Sigma),, or- 50 Wi. DMBO PBS: 1:1 vehicle: control;: 3 ng/kg: AVD3100!
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(Abeam) , ©r 50 Wi PBS -wvehicle ««control; 4 g/ kg rapanycin  (LC
‘Laboratories), or 50 i IDMSO PBS 1:1 wvehicle «control. @ycyrrhizin
was used to disrupt the formation «of the HMEBI1-CXCL1Z Iheteroconplex
s it is the only known specific inhibitor for Iblocking the lbinding

site of CXCL12 on HVGBl (Schiraldi 2012, Mllica 2007) . Antibodies to

%

HVMEB1 do not specifically block the interaction wth CXCL1Z and may
‘have other off target effects. AMD3100 was used to disrupt the binding
of (CXCL12 to CXCR4 as it is a wspecific and «clinically approved

inhibitor of the CXCL12-CXCR4 interaction. It was wused to deternine
the receptor through which the HMGB1-CXCL12 heteroconplex acted, wusing
the rate of fracture healing as a neasure of this interaction. AMD3100

or other inhibitors, such as anti-CXCLI2, of the CXCL12-CXCR4 axis

for cellular level characterizations of the cai,, state were not used

t

as this would have resulted in activation and release of stem cells

from their niche, CXCL12- CXCR4 signaling being well known for
enforcing the quiescent Go state (Peled 1999, Sugiyama 2006, Ne 2008,
Tzeng 2011, Ding 2013, Geenbaum 2013) . For prining experinents, mice
were treated systemically 2 weeks prior to injury wth an i.v.

injection of 0.75 ng/kg FR-HVGB1, 0.75 ng/kg 3S-HMEB1l; or 50 pif PBS

vehicle control

Cytokine anal ysis: Enzyne-|inked imunosorbent assays (ELISAs) were
used to neasure. levels. of TNF,. S100A8/A9' (R&D)/, HMEBI (I'BC
I nternational), and HM&EB1- CXCL12 het er oconpl ex (R&D; : 'BC
International ), in human nonocyte: supernatant, . and human and nurine

plasma sanples., These. were: ‘'sandwich' ELISAs where the antigen of
nterest was: quantified between. two |ayers of antibodies:: the capture:

nd the detection antibody.. For S100A8/ A9  and HMVGEBI1,. commercial . kits

1

wer e, used. according  too manufacturer's ; instructions.. For HMGBI- CXCL12",
we, used: the. heteroconplex : hybrid: ELISA. (Venereau 2012,. Schiraldi .
2012)y, The:. reagents: for: the: TNF andi HMGB1- CXCL12" ELISA. are: [isted- i
Tabl e. 2 below., Further - i munoassays: to quantify circulating: level's: of
inflanmation-related . cytokines,. TNF,. IL-6,. and. IL-10,. in rnouse: plasm.

f ol | owi ng; i.v.. adm nistration. off FR, 3S or: DS-HVGEB1,. or: [PS were:
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performed using conmmerci al kits based on electrochenilum nescense

(MesoScal e Discovery) as per manufacturer's i nstructions.

Table 2: Reagents for TNF and HMGB1-CXCL12 hybrid ELI SAs.

ELISA THE HMGB1-CXCLI2 heterocomplex
Capture Antibed Mouse anti-human TNF Mouse anti-human CXCLI2
apture ABDAGY | 1o Bioscience, 551220 (R&D, DY350)

N dard Humarn TNF FR-HMGEL {HMGBIotech, HV-114] and
ProteinStandard | nep, 210-TA) pasman CKCL12 {RRD, 350-M5-050), in a 1:2 ratio.
Dtect Antibod Biotin mouse anti-human TNF ant-HMGBY )

slect Antibogy {80 Biosclence, 554511) {1BL International, $T51011)
Substeat Steeptavidin-HRP {R&D, DY 998), Substrate A and Substrate B
usirate TMB Microwell Peroxidase Substrate Kit {KPL, 507603} | (1BL International, ST51011)
- Sutfuric Adid Stop Solution
op {Sigraa, 320501) {1BL International, ST51011)
fead Mithras Multimods Miceoplate Reader L8 940 Mithras Multimode Microplate Reader LB 840
w2 {B8erthold Technologies) 450nm {Berthold Technologies) 450nm

Human MSC osteogenesis  screen

Human MsSCs (Lonza) were maintained in DMEM (G bco) , supplenmented with
10% FBS (G bco) , 1% L-dutamine (G , and 1% penicillin/streptonycin
(G , in standard tissue culture conditions (37°C, 5% c®) , and used
bet ween passages 3-5. Human nonocyt es were - isolated from human
peri pheral blood |eucocyte <cones (John Radcliffe Hospital, NHS Bl ood
and Transpl ant) by positive selection wth CD14 MACS nicrobeads
(Mltenyi Biotech) and an autoMACS nachine. To determine the direct

effect of the alarmns, S100A8, S100A9 (supplied by T.Vogl, Minster) ,

FR- HMGB1 DS- HMGBI and 3S-HVEB1 (HMGEBI ot ech) or LPS (ALEXI S
Bi ocheni cal s), on hMSC osteogenesis, 104 hMSCs were plated in
triplicate into wells of a 96 well plate with various concentration
of al arm ns, or LPS, in 200 pi of osteogenic nedi a. The latter

consisted of maintenance nmedia supplenented wth 100 nM dexanet hasone
(Sigm), 50 pg/m ascorbic acid 2-phosphate (Sigma), and 10 mM -
gl ycer ophosphat e (Sigm) . Tr eat ment with oncostatin M 10
ng/ M (Peprotech) was used as a positive control. To determine the
effects of alarmins on hMSC osteogenesis in the presence of npbnocytes
or their products, nonocytes were co-cultured wth hMSCs in a ratio
of 10:1 (105 nonocytes: 104 hMsCs) in osteogenic nmedia wth various
concentrations of alarmins or LPS; or nonocytes were incubated wth
various concentrations of alarmns or LPS, for 16 hours and the

resul ting super nat ant was subsequently applied onto  hMSCs. To
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determne the effects of prinming hMSC with alarnmins, hMSCs were plated
in maintenance nmedia with various concentrations of alarnmins; after
16 hours this was <changed to osteogenic nedia alone. For all
permut ati ons, the respective nedia was replaced at day 3, and at day
7 the nedia was renoved, cells lysed in 20 gi NP-40 lysis buffer, and

al kal i ne phosphatase (ALP) activity, which is a nmarker of osteogenic

differentiation, was quantified usi ng a commercial ki t (WAKO
Chenicals) as per nmanufacturer's instructions.

In vivo micro conputed tonography (Cr) setup and anal yses: In routine
ort hopaedi c practice, and in clinical trials, | ongi t udi nal
radi ogr aphi c i nvestigations are the nost wdely used tool for

assessing the progression of fracture healing. Therefore, simlar
assessment of murine nodels of fracture healing would have increased
transl ati onal rel evance. Radi ographic assessnents of bone tissue are
also well-known to correlate highly with histological findings (G egor
2012, Particelli 2012) , and have the added advantage of being non-
destructive, thereby allowing |ongitudinal assessnent of each aninal.
M croCT inmaging was performed using a high-speed rotating gantry based
system (PerkinElnmer , Quantum FX) . Aninmals were anaesthetised briefly
with aerosolised isofluorane 2% for each 3 mnute scan. The X-ray
source was set to a current of 200 pA, voltage of 90 kVp, and a field
of view of 5 mm to enconmpass the two fixator pins closest to the
osteotony gap, for a voxel resolution of 10 pm After the scans, mce
were revived in a heated box and returned to their cages. Scans were
analyzed wusing a comercially available mcroCT software package
Anal yzel 2 (AnalyzeDirect ), which permitted co-registration of scans
acquired over a tine course. The region of interest was defined as
the bridging callus, which included only the tissue that fornmed in
the osteotony gap (Fig. 1C). dobal thresholding (O Neill 2012) was
performed to distinguish between nineralized (hard callus), poorly
m neralized (soft callus) and non-mneralised (fibrous) tissue. Callus
volume included the volume of both hard and soft callus. Callus bone
m neral density was the density of hard mineralised tissue, otherw se
previously known as tissue nmineral density (ONeill 2012), and was
calibrated by neans of phantoms wth known densities of calcium

hydr oxyapatite
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IMechani cal strength testing: IMechanical strength testing is @a well-
established functional measure «©of «callus/bone strength and fracture
‘heal i ng. Thr ee- poi nt bend testing was used as it is a well-
est abl i shed, reproducible and robust procedure for .assessing the
mechani cal strength of the fracture callus, and is superior to other
techniques such as axial Jloading testing (Steiner 12015) . Both hind
linbs were harvested after +the final mcroCT scan, immediately

dehydrated and fixed in 70% ethanol for at least 24 hours. Prior to

three-point bend testing (Fig. 1F), all soft tissues overlying the

I=h

murs and the external fixator were renoved, and the clean fenurs
were rehydrated in PBS for 3 hours at room tenperature. The |oad cel I
was applied directly onto the callus, preloaded to a ninimum of 0.03
N with the assistance of specinmen protection and re-zeroed. Load wWas
applied at a rate of 1 mWnminute wuntil failure, and force-extensi on

profiles were recorded. The resulting data were analysed using the
BlueHill 3 (Instron) software package and the maximum force prior t0o
fracture (Fig. 76) of the injured femur was conpared to the

contral ateral uni njured femnur.

solation of stem cells: BD LSRFortessa X-20 and BD FACSAria Il were

ised for flow cytometry and fluorescence activated cell sorting (FACS)

v

respectively. Subsequent data analyses were performed with the Flowlo
V10 software (TreeStar) . Murine skeletal, muscle, and haematopoietic

ste

m cells were defined and freshly isolated according to previously
reported protocols (Chan 2015,. WIlson 2008, Liu 2015)'. Bone, bone
marrow, and nuscle cell suspensions were created by respectively
crushing  fenurs. and enzymatically digesting with collagenase: 800 U mn
(Worthington-Bi ochen) +, or extracting bone: nmarrow plugs: by flushing
femurs: with FACS buffer - (Mltenyi Biotec) using a 25 gauge: needle, . ofF
mncing thigh mnuscles: and enzymatically digesting wth collagenase :
8000 Wnl and dispase: 1 Um. (Gbco)i. Bone: and. bone: marrow  cell.
suspensions ;: were: also enriched. by treatnent . for' 5 mnutes: with. red
blood cell. lysis: buffer - (Sigm)). Thereafter - all. suspensions: were:
strained  through. 70 pm and 40 pmfilters: (Geiner Bio-One)! and. stained
Wwith respective: antibodies. . Definitions: were:: nSSC,. CD45-Terl|9'Tie2'"
Al phaV *Thy ~6C3;=CD105,-CD200*;: mVvuSC, , CD3)1-Ch4i57Sca- | ."VCAM *; mHSC, -
Li neage- - ( CD2- CD3- CD4i- CD5- CD8- CD1.1 a- CDl | b- TERI | .9-B2!20-G -1 -)}c- Ki t *Sca- -
1+*CD34.-CD48;-CD150+. Anti bodies ; were:: nSSC,, CD45> (30-F11,, BD)}, TER-119"
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(TER-119, BD), ‘Tie2 [[CD202b] ((TEK4, IBiolegend), iAphav [[CD51] ((RW-7,
Bi ol egend), Thyl .1 [CD90.1] ((OX-7, IBiolegend), "Thyl .2 [[CD90.2] ((30-

H12 , 1Bi ol egend) 6C3 [ Ly-51] (6C3, 1Bi ol egend), (CD105  ((MI7/18,

»
1Bi ol egend), (D200 ((OX-90, IBD) ; itiwsc (D31 ((MEC13.3, IBiolegend), (CD45
((30- F11, 1Bi ol egend), Sca- 1 (D7, 1Biol egend), VCAM [ CD106] (429,
Bi ol egend) ; JHSC (D2 ((RwR-5, IBi ol egend), (CD3  ((17A2, 1Bi ol egend), (e}
(RW-5, Biolegend), (CD5 ((53-7.3, Biolegend), (CD8 {(53-6.7, Biolegend),

CDl_l.a_ (M7/4, Biolegend)

, CDlb (M-70, Biolegend), B220 [[CD45R] ((RA3-
6B2, Bi ol egend), G-1 ( RB6- 8C5, Bi ol egend), TER- 119~ ( TER- 119,
Bi ol egend), c-Kit [CD117] (2B8, Biolegend) , :Sca-1 (D7, Biolegend),
CD34 (HWB4, Biolegend), D48 (HW8-1, Biolegend), (D150 ((TC15-12F12 .2,
Biolegend) . Stem cells were also stained for the presence- of surface

CXCR4_ (2B11, BD) , and intracellular HVGEG1 (3E8, Biolegend) . Hunman

CD34+  haenat opoi etic stem and progenitor cells were isolated from
human_ peri pheral bl ood |eucocyte cones (John Radcliffe Hospital, NHAS
Blood and Transplant) by magnetically activated cell’ sorting

(MACS) (Peytour 2010) wusing the CD34 McroBead Kit (Mltenyi Biotech)"

and an autoMACS nmachine

Quantitative real-time PCR (qRT-PCR) : Total RNA was isolated using
TR1 reagent (Zynmo Research) from cells from whole bone, bone marrow,"

and nuscle cell suspensi ons usi ng Direct-zol™ RNA MniPrep (Zymo

Resear ch) as per manufacturer’s instructions. HVGB1 gene expression
was det erni ned by gRT-PCR and nornalised to Gapdh . The anplifying
primers were as follows, Gapdh  (Taghan, . Mouse: : MrB9999915 gl = Gapdh) "
and  Hgbl (TaghMan, Mouse: . MiD084 9805 gH Hmgbl) . Al reactions were”
perfor med in an ViiA7 Real Time PCR System (Applied Biosystens) using
Tagvan = Fast_ Advanced MasterMx . (Applied . Biosystens) | according ' t.o the:

manuf acturer's . instructions.

Cell_ cycle. Kkinetics: : To, evaluate . cell . cycle: propensity, . pulse:
| abel I'i ng B with BrdU (Abean); was: performed . with. animals: injected  with.
10 mg; of' BrdUj i.p.. 10 hours; before: cell . isolation . from: whole: femurs. .
Mce. were, treated | locally - at: the: time: of fracture : with: 15 ng/kg 1 FR- -

IMGB 15 ng/kg | 3S-HMEB1, . 15 ng/kg 1 BWP2: (Peprotech) ), or: 50 pi. of PBS

[
A=y

'

vehicle . control. , To, evaluate : speed| of’ entry  t:» cell” cycle, . continuous ;
labelling ;with, BrdUj was; performed | by’ adninistering | 6.5 ng/m . im their "

drinking ; water - with, 5% sucrose: for: the: indicated | period. . BrdUJ
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i ncorporation wmas quantified with 1the «conmercially :available Brdu
IFlowkit  (BD @as jper wmanufacturer's instructions. IFollowing ««cell
isolation @and staining, cells were fixed :@nd perneabilized mith
Cytof ix/Cytoperm (BD) for 15 minutes @t room tenperature, buffered
wi_th Perneabilization Buffer Plus {(BD) for 100 mnutes at 4°C, re-fixed
wi_th Cytof ix/Cytoperm for 5 minutes @t room tenperature, then treated
with 30 pg/m DNase (BD) for 1 hour at 37°C to expose incorporated
Brdy, and lastly stained wth anti-Brdu (BD) . Mce were treated
systenically at the initiation «of continuous BrdU administration wth
an i.v. injection of 15 ng/kg FR-HVGEBlI, 15 ng/kg 3S-HVEB1, or 100 pl
of S vehicle control. The cells from these mice were conpared t0

cells

from the fractured side of injured nice who had also been

adm ni stered continuous Brdu.

Cell_ migration: In vivo cell migration to the fracture site was
determined by quantifying the nunber of BrdU- cells in fractured fenurs
12 hours post-fracture using flow cytonetry and Precision Count Beads

(Biolegend) . Mce were administered 10 mg of BrdU i.p. at the time of

fracture and treated locally wth 0.075 my/kg OCXCL12 or 50 pi PBS

vehicle. Subsequently, BrdU i ncorporation in the bone and bone rmarrow
cell_ suspensions from the fractured fermurs was determined wusing the
conmercially avail abl e BrdU FlowKit (BD) as per manufacturer's

instructions

In vitro cell migration of nBSCs was determined by placing 1000 freshly

m

ACS isolated nBSCs in 6 ui of DVEM in the middle observation channel
of collagen coated p-Slide Chenptaxis slides (lbidi) . A chenotactic

gradient was established across the observation channel by pi petting

70 Hi. DMEM 0% FBS into the left reservoir, and into the right reservoir

gither - 0.15 gg/m . or 1.5 pg/ml. CXCL12:, or 0% or  20% FBS controls. . The:
channels; and. reservoirs : were: plugged . to prevent . evaporation . and. cell
mgration = was: followed . by time-lapse : microscopy '~ using an autonated .
xyz, notorized . stage: (Prior- Scientific, . Prior  ProScan. Il), a climate:
chanber - at. 37°C,. 5% oc®,, with humidity =~ (Solent. Scientific), - a spinning’
Ni kon. Eclipse: TE2000-U' mcroscope : with. a |1Ox: objective, - and.
Vol ocity - 6.3} (PerkinElner) ) recording | software. . Cells; were: nonitored !
over a period| of’ 22 hours: by capture: of brightfield ! inmages; every’ 5

mnutes.

Mgration . of’ 50 cells; wass analyzed! usingi the: automatic :
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tracking function wthin the Inmaris 6.7 (Bitplane) software, and
represented using the Chenotaxis and Mgration Tool 2.0 (lbidi) . Cells

were excluded if track length was |less than 50pm

M t ochondri al DNA: DNA was extracted from 1000 freshly FACS i sol ated
nSSCs, mVuSCs , and nmHSCs, and from 10000 trypsinised hMSCs, and 10000
MACS isolated hHSPCs, using the QAanp DNA Mcro Kit (Q agen) as per
manuf acturer's i nstructions. nt DNA was quantified by qRT-PCR using
primers amplifying the Cytochrone B region on ntDNA (TagMan, Mouse:
M04225271 gl  CYTB; Hunman: Hs 02596867 sl MI_CYB) relative to the B-
globin region on gDNA (Tagman, Muse: Mn 01611268 gl Hob-bl; Human:
00758889_sl HBB) . Mce were treated systemically with an i.v.
injection of 0.75 mg/kg FR-HM3B1, 0.75 nmg/kg 3S-HMEBl, or 100 pi of
PBS vehicle control. The cells from these nice were conpared to cells
from the uninjured contralateral side of fractured ‘animals . hMSCs were
treated for 16 hours with 10 pg/m FR-HM3B1 in DMVMEM 10 pg/m 3S- HMGB1
in DMEM DMEM vehicle control, or osteogenic nedia supplenented wth
10 pg/mM BWMP2. Wwole human peripheral bl ood |eucocyte cones were
treated for 2 hours with 1.5 pg/m FRHME1, 1.5 pg/m 3S-HVEB1, 10
ng/mM IFNy (MIltenyi Biotec), or RPM (Lonza) vehicle control.

Cellular ATP: Cellular ATP levels of 1000 freshly FACS isolated nSSCs,

mVuSCs, and nmHSCs, and from 10000 trypsinised hMSCs, and 10000 MACS
i solated hHSPCs, were quantified using the conmercially available ATP
Bi ol um nescence Assay Ki t CLsS 11 (Roche) and used as per
manuf acturer's instructions. Cells were pelleted, boiled in 100 nM
Tris, 4 mM EDTA, pH 7.75 for 2 minutes, pelleted again, and |uciferase

reagent was added to the supernatant. This was then read on a FLUGstar

Onega (BMG Labtech) spectrophotoneter, with the |um nescence optic.

Mce were treated systemically wth an i.v. injection of 0.75 nmg/kg
FRRHMGBL , 0.75 mg/kg 3S-HVEB1, 0.075 ng/kg CXCL12 or 100 pi of PBS
vehicle control. The cells from these nice were conpared to cells from
the wuninjured contralateral side of fractured animals. hMSCs were
treated for 16 hours with 10 pg/mM FR-HMEB1 in DMEM 10 pg/m 3S- HVGEB1
in DMEM DMEM vehicle control, or osteogenic nedia supplenmented wth
10 pg/mM BMP2. . Whole human peripheral bl ood |eucocyte cones were
treated for 2 hours with 1.5 pg/m FR-HMEBI, 1.5 pg/m 3S-HMVMEB1, 10
ng/m IFNy (Mltenyi Biotec), or RPM (Lonza) vehicle control.



10

15

20

25

30

35

WO 2019/197898 PCT/1B2019/000384
24
Cel | si ze: Freshly FACS isolated nmSSCs, mVuSCs, and  rri HSGs,
trypsi ni sed hMsCs, and MACS isolated hHSPCs, were placed onto a
haenocyt onet er and stained wth 0.4% trypan blue solution (Sigm) .
Bri ght field imges of the haenocytoneter were acquired with an
A ynpus CKX41 microscope using a 40x objective lens. The analysis of
cell dianmeter was manually perforned using the Fiji distribution of
I mgeJ2 sof twar e (NIH) (Schindelin 2012) M ce wer e treated
systemically wth an i.v. injection of 0.75 nmg/kg FR-HM3EB1 , 0.75 ng/kg
3S-HMEB1 , or 100 pi of PBS vehicle control. The cells from these mice
were conpared to cells from the uninjured contral at eral side of
fractured animals
cMet inhibition: Mce were treated i.p. twice a day for 5 consecutive
days with 7.5 ng/kg of the c-Met inhibitor PHA 665752 (Sel |l eckchem
or 7.5 pi DMSO in 400 pi of PBS vehicle control, or they were treated
i.p. once a day for 2 consecutive days with 0.5 ng/kg anti-cMet (R&D) ,
or 0.5 ng/kg goat 1gG isotype control (R&D) in 400 pi of PBS. Follow ng
the treatmnent period mice were sacrificed, mVuSCs i sol at ed, and
stained for CXCR4 surface expression.

Haemat ol ogi cal injury nodel: Ani mal s

transferred to a restraining devi ce,

150 ng/ kg
40 pi  of

5-f luorouracil (Sigma) was

peri pheral bl ood was

the tail vein wth EDTA-containing

this sanple was smeared onto slides,

(Sigma) and May Gunwald solutions

| eucocytes were counted wth [ight

nm croscope and a 40x objective | ens

neut r ophi | count. The remainder

with red blood <cell lysis buffer

bl ue sol ution (Sigm) |, and

haenocyt onet er to quantify total

the differential neut r ophi | count

was al so determ ned. Mce were

injury or systemically 2 weeks

FR- HMGB1

prior
of 0.75 ny/kg

control

were war med
and a single i.v.
adm ni stered
col | ected
M crovettes
air-dried,
(RA Lanb) ,
m croscopy
to deternine
of the sanple was
(Sigma),
| eucocyt es
peri pheral
as above,
treated
to injury with an i.v.

0.75 ng/kg 3S-HVGBL , or

up in a heating box,
injection of

via the tail vein.

at the tinmes indicated from

(Sar st edt) 10 ui of

stained wth G ensa

and neutrophils and

using an Jdynmpus BX51

the differential

treated for 5 minutes

stained with 0.4% trypan

wer e Count ed wth a

| eucocytes. Together with

the total neutrophil count

systemcally at the time of

injection

100 pi of PBS vehicle
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iMuscl e

dnjury rodel : Animals were anesthetized lby :@erosolised 2%
i sof lurane, (_gi ven analgesia, +transferred 1o @ warming Jpad @and the
right 1ower jhindlinb was shaved @and skin wmas jprepared with jpovidine

iodine. @0 i of 1.2% 1Bad2 ((Sigma) was injected into @nd @long fthe
length of +the tibialis anterior (TA)  nuscl e {((Rodgers 2014y -.
Imediately jpostoperatively all wmice wmere given ianalgesia @and all owed
to ymobi lize freely, and given postoperative :analgesia for 2 days. Mce
were euthani zed and ‘TA nuscles extracted at the times indicated, fixed
in 4% paraforml dehyde (Santa «Cruz Biotechnol ogy) for 24 ’hours,
enbedded in paraffin, sectioned, stained wth haematoxylin and €osi n
to identify centrally wnucleated fibres, and imaged with an ‘dynpus
BX51 U

sing a 40x objective lens. The cross-sectional area [(CSA of
the fibres that were approximately midway along the proximal-distal’
axis of the TA nuscle belly was manually measured wusing the Fiji
distribution of Imgel2 software (NH) (Schindelin 2012) . Mce were
injected intranuscularly at the tinme of injury or intravenously 2
weeks prior to injury, with 0.75 ng/kg FR-HMEB1, 0.75 ng/kg 3S-HMGBI,

or 50 pi or 100 pi of PBS vehicle control respectively.

Statistical anal ysi s: Statistical analyses were performed’ using
GraghPad Prism 7 (GaphPad Software) . Unless stated otherw se,

significance was calculated wusing two-tailed wunpaired Student's t=
tests. For mcroCT callus volumes,. bone nineral density, and in vivo
cycling to continuous . BrdU adninistration, significance was calculated’

using non-linear  curve. fitting and the F-test. (Fig.. 7 D and E). A'l’

|=
I+ ¢

esul

s, are, shown as nean +* SD, except for curve fitting results: which

Q

are, shown. as mean + 95% C.. Results: were: considered . statistically "
significant when p < 0.05., Significant . results: were: expressed  using
asterisks, , where. * p, < 0.05,, ** p < 0.01,, *** p <0.001,, **** p <0.0001. .

Thi s; convention was: used. throughout. .

esul ts;

Al arm ns; are; el evated; post-injury - im hunmans: and! mice..

Fracture, healing;is; a goodi nodel . of: tissue: regeneration . (E nhorni 2015))
and; based) aon, studies; of’ the: early- eventss im fracture: healings (Qd asss

2011),, including; the; key: role: off neutrophils; (Cham 2015),, we
postul ated ; that- the: alarnins; HVEBI1L andi S100A8/ A9 ) may’ play’ key’ rol’ess
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I~

issue regeneration. HVEBI is a highly «conserved ‘ubiquitous and

abundant. non-histone :nuclear architectural protein that forns part of
th

transcription —machinery ((Harris :2012) . 'S100A8/ A9 proteins are
calcium binding proteins that make up 40% of neutrophil «cytoplasnic
cont ent (Edgeworth 1991) . Both these alarmins have been associated
with regulating skeletal «cells (Chan 2012, Zreigat 2007) . El evat ed
levels of HVEBlI and ;S100A8/ A9 were found in the «circulation follow ng
fracture both in human patients and mice (Fig. 1 A and B; and Fig. 5

A and B).

HVEBI primes human MsCs for osteogenic differentiation .

The regenerative potential of these alarnins were screened in humans
by assessing the osteogenic differentiation of primry hunman
mesenchymal stronmal/stem cells (hM8Cs) (Fig. 1Cand Fig. 6). Different

redox forms of HMEBI were tested because they are known to have
contrasting effects (Venereau 2012) . Fully reduced (FR all-thiol
HVGBI_ promptes chenptaxis (Venereau 2012), whereas partially oxidized
HVEBI with a disulfide bond (DS) induces proinf |lammatory cytokine
production (Fig. 5C and Fig. 6A) (Venereau 2012) . To confirm that the
effect of FR HVGEBI is due to its reduced state, we also used a
reconbi nant non- oxi di zabl e all-serine form (3S) of HMEB (Venereau
2012) ., Direct addition of alarmins to hMSCs did not pronpte osteogenic

differentiation (Fig. 6B), whilst DS-HM3E1, S100A8, and S100A9 all
inhibited this process in the presence.of nonocytes (Fig.. 60 ; as did
the supernatants from alarmn-treated nonocyt es (Fig. 6D) . Since
alarmins are released before resident stem cells are exposed to nost
osteogenic . signals: in vivo, this tenporal sequence: was nodeled. inmn
vitro and it was. found that pre-exposure :to only FR-HMGEBl. or 3S- HVGBL,

but. not._ t he. proi nf 1 anmat ory DS- HMGBL, . pronot ed ost eogeni ¢

differentiation (Fig.. 1 Eand F, and Fig.. 6ey. I'n vivo administration

f FRHVMEBl or 3S-HMEB1. was: not. found. to lead. to production. of

©

proinf lammatory - cytokines, . in contrast . to DS-HMEBLl. (Fig.. 7 I-K)i. These:
data. suggest  that. only FR-HMGBI . or 3S-HMGBL1, - which cannot. be oxidized.
and. hence: does: not: i nduce: proi nfl anmatory - cytokine: production . in vitro
(Fig.., 5C and. Fig.. 6A) or in vivo (Fig.. 7 T-K)}, are: viable: candidates:
to pronote. fracture: healing if adninistered prior tio the: presence: of

potent . osteogenic : nediators. .
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jExogenous HMEB1 .accelerates fracture ihealing while @enetic deletion

A murine {fracture model ((Zwi ngenberger 2013) was «©ptinized fto permit
1 ongitudi nal in wvivo @analysis over tine (Fig. 7 .AQ and it was found
that FR or 3S-HMEB1 administered locally @t the tinme of dnjury
accelerated fracture repair as «evidenced by in wvivo mcroCT :and
nechanical  strength testing (Fig. 2A and B), wth a «clear dose-
response (Fig. 1H . To evaluate the «contribution of endogenous HMEBIL
to fracture ‘healing, .inducible whole body Hrgbl - mice were wgenerated
(Fig. ®) as FRHMEB1 in the fracture mcroenvironment would originate
from multiple injured and activated «cell types, .and constitutive
deletion of HM3Bl is perinatally lethal (Yanai 2013) . Fracture healing
was dramatically inpaired in these animls as shown by reduced callus
volume, callus BMD and mnechanical strength (Fig. 2C and Fig. DA).
Thus, both exogenous and endogenous HMEB1 nodulate the rate of

fracture healing.

HVMEB1 accelerates fracture healing via CXCL12 and CXCR4 .

Subsequent |y, the signaling pathways through which HMEBI pronoted’
regenerati on wer e del i neat ed. FR- HVGBI is known to form a
het erocorrpj ex wth CXCL12 (Vener eau 2012, Schiral di 2012) ; a
chermokine, which in turn binds to the receptor, CXCR4 (Venereau 2012,

Schiraldi  2012),, El evated pl asma | evel s of the  HMGEBI-CXCL12"~
het eroconplex were found in both human patients and mice follow ng

fracture injury (Fig. 2 D and E, and Fig.. 9B . Gycyrrhizin is the
only- known inhibitor - of the HMEB1-CXCL12 . heteroconplex . (Schiraldi.
2012)), I't interacts: with the binding sites: of  HM3B1 for CXCL1Z® but.
not those, for- RAGE: on the. Box: regions: of HMEBLl. Schiral di . 2012(27-29), .
thereby - inhibiting - the chenotactic: activity  of the: heteroconpl ex im
vitro and in vivo /Schiraldi 2012,. Mdllica. 2007)). Local. adm nistration

of: gl ch_rrhi zin  at the fracture: site: inhibited! formation. of the: HM3BI - -
CXCL12: heteroconplex : (Fig.. 2e) andl resultedl in delayed! fracture:
heal i ng (Fig.. 2F andi Fig.. 9g ), confirmngr that. endogenous:
extracellular - HM3B1 nodul ates; the: rate: of’ regeneration . by formngr a
het eroconpl ex : with, CXCL12., Mirine: skel etal . stem cells; (Chant CKF' 2015))
(m8SC)y were, shown, to, express; functional . CXCR4l (Fig.. 2 H andl I, andl
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Fig. 9e) and adnministration of AM3100, a specific and clinically
approved small nolecule inhibitor of CXCR4, led to inpaired fracture
healing in wild type mce (Fig. 2G and Fig. 9p), and conpletely
abolished the effects of exogenous HMEB1l (Fig. 2G and Fig. 9D). These
data confirm that exogenous HM3Bl accelerates tissue regeneration
through CXCR4 . The HMGB1-CXCL12 heteroconpl ex causes a conformational
change in CXCR4 that is different conpared to CXCL12 al one, and thereby
enhances chenotaxis conpared to CXCL12 (Schiraldi 2012) . It was
possible that the pro-regenerative effects of HMEBI were sinply due
t o enhanced CXCLI2-mediated chenotaxis. To test this, we adm nistered
exogenous CXCL12 alone, and whilst we confirmed enhanced mgration of
cells to the fracture site (Fig. 7.), we only found abnornal
regeneration as evidenced by a larger fracture «callus without a
conconi t ant i ncrease in bone mneral density  or, i mportantly,
nmechani cal strength (Fig. 2 A and B). Therefore, the inproved
regenerative effects of FR or 3S-HMEB1 could not have been due to
enhanced CXCL12-nediated «cell mnmigration alone. Taken together, these
data show that whilst the CXCL12-CXCR4 axis is necessary for HMGEB1-
nedi ated accelerated tissue regeneration, exogenous CXCL12 alone is
insufficient to accelerate fracture healing. This suggests that the
HM3B1- CXCL12 heteroconpl ex . accelerates regeneration via an as yet

unknown mnechani sm rather than enhanced chenptaxis al one.

Exogenous HMEBI led to a sustained increase in nBSSC cell cycling in

Vi vo.

Apart from regulating chenot axi s, the  CXCL12- CXCR4 axis also
influences the <cycling of haematopoietic stem cells by enforcing

qui escence (Peled 1999, Sugiyama 2006, N e 2008, Tzeng 2011, Ding
2013, G eenbaum 2013) . Therefore, whether the HMEB1-CXCL12-CXCR4 axis
additionally affects the cell cycle of stem cells to pronbte tissue
regeneration was investigated. The propensity to cycle of nBSSCs from
the fractured bones of mice that had been pulse-labelled wth BrduU
(Fig. 3A) was analyzed. Murine SSCs from vehicle-treated ani mal s

di spl ayed an increasing propensity to cycle over tine, whi ch
correlates with the rising levels post fracture of osteogenic nediator

(Cho 2002, Einhorn 2015) including Bone Marrow Proteins (BWPs) (Chan

2015) . Predictably, exogenous adm ni stration of BMP2, a known
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©of ymSSCs (( Chan (CRF :2015) ,, resulted :imn @n i mmediate ncreased
propensity o cycle that jplateaued aft day 2 two levels tequivalent 'to
cle controls at day '5. I «conparison, mS8SCs :from @animls freated
@exogenous IFR ©or 3S-HMEB1 showed an Ginitial Jncrease
te. lbetween 1BMP2 @and wvehicle «ontrol's, and lbeyond day 2
hibited a higher rate of cycling than cells from IBMP2 or vehicle-
treated animals. ‘These data suggest that HMEBI lhas an effect markedly

m an activator such as BW2 = «cells that lhave lbeen pre-

[fe)
-
-
o)
-
o)
>
=
—h
=
o)

exposed to HVEBI display .an increased propensity t© cycle when

subsequently exposed to endogenous activating signals released at the
fracture site, indicative of a lasting cellular effect that favors

cell

cycle entry.

HVGBI. transitions nultiple human and nurine stem and progenitor cells

An el egant series of experiments recently denonstrated that system"c
transition stem cells distant to the site of initial
i nj ury to a dynanmic state of the cell cycle, | ntermedi ate between Go

and g, termed Gy (Rodgers 2014). In contrast to deeply quiescent Go

Al-ert

stem cells, caert Cells are nmore metabolically active as evidenced by

increased_ cellular levels of ATP and. are poised to enter the cell
cycle when exposed to activating signals.. As HMGEBI~ enhanced™ the i
vivo cycling of nBSCs: exposed to secondary activating signals,

Vi
together with the elevated systemic: levels of HVGBI and HVGBI- CXCL12"

post-injury in humans; and. mice,. and. observations : of accelerated -

fracture. healing: with exogenous: HVGBI . treatment, . it i.s hypothesized -

that. HMEBI_ may  in part. accelerate: fracture: healing by transitioning i

nSSCs; t-o the: recently defined gawr: State.. I1. i.s al'so’ postulated' that:
these, effects; may  pertain. to other: previously = well-identified | andl
characterized | stem cells; known t:» expresss; CXCR4l, i'ncludingi nurine:

haemat opoi etic : (nHSCs)) (Peledl 1999,, Sugiyama: 2006,, Nie: 2008,, Tzengl
2011,, Ding; 2013,, Geenbaum. 2013)) andl nuscle: stem cellss (mSCs))
(Maesner: 2016)y (Fig.. 10B).

criteriay describing s the: &iy,,: state: are> increased! ATP’
mtochondrial _ DNA, cell_size,, faster: entry’ ti® cell. cycle,, andl

nTORC . dependency ; (Rodgers; 2014).. We foundl that: the: clinically’
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(-approved rrtTORC i nhibitor, rapanycin, @abol i shed the accelerated
lhealing ««ffects «©f exogenous HVMEB1 ((Fig. 3B and JFig. 10A) - To
investigate ‘the other aspects of the Gu,, 'state, 'we conpared the cell's
contral ateral to a fracture injury (fracture (# alerted) t0 those

from mice injected intravenously wth HVEB1, w©r vehicle wcontrol. ‘The

severity of injury is inportant as only substantial injuries, isuch as
fractures, can transition stem «cells to  Gietr wher eas sinple
venepuncture i insufficient ( Rodgers 2014) . We observed that not woniy
nm8SCs,  but.  also rnHSCs, and mVuSCs from ‘uninjured mce injected
systemcal ly with HMEB1 showed increased ATP |evels, m t ochondri al
DNA, and cell si ze, comnpar ed to vehicle treated controls, and
equi val ent to fracture-alerted stem cells (Fig. 3 DF) . In contrast,
stem cells from fractured Hrgbl -/~ mice (Fig. 30 and SSCs from
uninjured wild-type animals treated with CXCL12 did not transition to
G, (Fig. 10§ . The essential role of exogenous HVGEBL was further

confirmed with a single systemic dose of HMGEBL rescuing the elevated’

ATP  Gper, Phenotype in stem cells from Hnhgbl ~- nmice (Fig. 10F) . The

transl ati onal pot enti al of the data herein i s highlighted by the
finding that. HMGBI-treated human CD34+ hemat opoi eti c stem and
progeni t or cells as well as MSCs exhibited increased ATP levels and
m_t ochondri al DNA upon exposure to HMEBLl but substantially less S§o

than. IFN-y (Baldridge 2010) or BMP2 activated cells, respectively
(Fig. 10 C and D). To assess the rate of entry into cell cycle in
vivo,. high-dose BrdU was continuously adm ni st ered, thus utilizing

the dual properties of BrdU to label <cells that cycle whilst also
acting as an injury signal that activates = quiescent stem cells and
recruits.: them into. the cell cycle: (WIlson 2008)'. It was  found that
the nBSCs,. rnHSCs. and. mMuSCs . in HMGBI -treated mce: entered . the cell
cycle. faster with continuous high. dose BrdU conpared t.o vehicle-

treated controls, . but nuch. nore: slowy than. activated . stem. cells: from
the. injured proximal . hind. linmb of fractured . animals: (fracture: (#!
activated) | (Fig.. 3G). The: previous ; genetic : studies: which. denonstrated

the: necessity r of cMet:. signalling 1 for mMSCs;: t.o transition . .0 gizert:
(Rodgers: 2014)) recently ' led! t.o the: identification . ofl HGF-A . an enzyne:

which activates ; HGF,. a ligand! for- c-Met,. as a stem. cell. alerting

factor - (Rodgers; 2017)). Consistent : with. the: cMet: genetic: studies:

(Rodgers; 2014),, we: found! that : im vivo» cMet: inhibition, , witht PHA 665752



10

15

20

25

30

WO 2019/197898 PCT/1B2019/000384
31

or anti-cMet resulted :in a substantially reduced «expression of surface

(CXCR4 ©n mMVuSCs ((Fig. 10£j . Therefore, it is Jpossible that the <Mt

and (CXCR4 pathways are conplementary. Collectively, the data herein

shows that HMGEBI +transitions multiple sstem cells to Gu prining

ert b

them to cycle quickly in response to activation signals.

HVGBI accelerates healing of nultiple tissues, even if administered 2

weeks before injury.

1t was hypothesized that HMVEBI would also lead to accelerated tissue

regeneration in other tissues where stem cells could transition to

Guer, for exanple blood and nuscle. In mice nyeloablated wth a
common. chenot herapeutic agent, 5-fluouracil (5-FU) (Fig. 4A); a single
i ntravenous (i.v.) dose of HVGEBI at the time of injury Ted to

accelerated recovery of systemc |leucocyte (Fig. 4B) and neutrophil’

(Fig. 4¢j counts. This has significant translational relevance because
he

(=]

th

duration of |eucopenia and neutropenia is directly related to the

risk

of infection, with each day of neutropenia approximtely doubling

the risk of a febrile neutropenic episode (Bodey 1966) . Febrile

neutropenia is a medical energency with a nortality rate of 6:8-9. 5%

(Lyman 2010), so accelerating haemat opoi eti c recovery  foll ow ng
chenot herapy would nmake chenotherapy safer for patients. It was also
found that local adnministration of a single dose of HMGEBI at the time

of injury resulted in accelerated nuscle: regeneration following Bad?2
injury (Rodgers: 2014)1 (Fig.. 4 DF)'. Qur finding that HMGEI
resulted. in nBSCs. having an increased propensity to cycle: that i.s§
sustained for several days: (Fig.. 3A) is consistent wth. the previous:

observation that. following injury, stem cells' in the contralateral

Linb, remain. in Gy, for 3-4 weeks: (Rodgers: 2014), and we found. that
2 weeks; post. FR or 3S-HMGEB1 . administration, . nS8SCs, . nHSCs, . and. mVuSCs
still_ had elevated. ATP> (Fig.. 10H)} even: though. circulating: levels: of
HVEBI_ had already  returned t.o baseline: (Fig.. 101)}. Therefore, . we
investigated = whether - pre-treatnent . with. a single: i.v.. dose: of HVGEI,-
2 weeks; prior- to injury - would! also» accelerate: bone,, haenatopoietic :
and: nuscle. tissue: regeneration. . We observed! accelerated . tissue:
regeneration ,in all. these: tissues; (Fig.- 4 GM}. However,, regeneration 1
was; only- observed!| followinginjury,, with. no ectopic: tissue: formation:

i_n, the: 2 week: period| between: HVGBI . treatnent : andlinjury.. Thiss indicates:
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that HMEB1 treatment is a dynanmic and adaptive form of nulti-tissue
regenerative t her apy, which takes cues from the steady state or
tissue-specific activating regenerative nolecular signals present at
that time. The pre-administration of HVMEB1 would be particularly
rel evant in situations of planned or expected injury, i ncl udi ng

el ective surgery, sports nedicine or mlitary conbat.
Di scussi on

HMEBI has been identified as a therapeutic target that acts on multiple
endogenous adul t stem cells to accelerate the physi ol ogi cal
regenerative response to current or future injuries. These findings
have broad relevance to the fields of stem <cell biology and
regenerative nedicine and suggest a novel therapeutic approach to
pronbte tissue repair. The existence of the gaiet phase, which is
intermediate between Go and G, was described previously (Rodger s
2014) . It was noted that stem cells in Gue, enter the cell cycle
faster conpared to those in Go and initiators of this transition would
have wide-ranging inplications for the field of regenerative nedicine

by accelerating repair.

HMEBI has been denonstrated to accelerate healing of nultiple tissue
types by forming a heterocomplex with CXCL12, which then binds to
CXCR4, to transition quiescent stem cells in three different tissues
to Gy, - A recent publication (Tirone 2018) showed that HM3Bl pronotes
repair in a murine nodel of nuscle injury in part by nodulating the
i mmune response. We utilized prospective mul ti - par anet er flow
cytometry isolation methodologies to study the cycling of well-defined
endogenous adult stem cell populations in vivo to reduce potential in
vitro artefacts and identified a novel mechanism of action of FR HVGB1
during tissue repair via the initiation of the GGaier State.
Fur t her nor e, we denonstrated that this also pertains to human stem

and progenitor cells.

Wiilst this work has focused on endogenous adult stem cells, it is
possible that the transition to0 caet by HM3EBlI nmay also pertain to
other cell types that are usually quiescent in the steady state, can
express CXCR4 and are capable of re-entering the cell cycle to effect

tissue repair, such as mature hepatocytes . Indeed, it was recently
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©bserved +that HMEBl +treatnment results :iin «enhanced jproliferation «of
lhepat ocytes following :injury ((Tirone :2018) .. WUsing «clini cally relevant
A ni ury inodels ©f fracture repair, the response fto «henotherapy :and
nuscl e regeneration, in «conjunction with luman tissues and «cells,
@_p_pl icants lhave denonstrated that JFRHMGEB1 Jleads to qaccelerated’
regeneration ©of yultiple +tissues by transitioning the respecti ve stem

(C@L' S tO ‘Gtiert-

HVE@I. has critical intracellular and extracel |l ul ar functions as

denmonstrated by the lethality of the constitutive global knockout
(Kang 2014) . In the mnucleus HMEBI interacts wth nucleosones,

transcription factors and histones and thus regul at es gene
transcription. 1t has recently been shown that muscle regeneration
is conpronised in partial Hgbl +- nice (Tirone 2018) . Fracture healing
has been shown to be dramatically inpaired in conditional Hngbl /- wth
intracellular and extracellular protein knockdown, and that
s fail to transition to Gy, -

exogenous HMGBI can rescue the gaer phenotype but did not evaluate

At the cellular [level,

the rescue at tissue healing |evel as exogenous HMGEBI addition would

not conpensate for the critical intra-nuclear roles of HMEBI (Kang
2014) .
Wil st extracellular FR-HMEB1 enhances cell migration by forming a

het er oconpl ex with the relatively abundant CXCL12 that is produced’

following injury, our data shows that the enhanced regenerative
effects. of the heteroconplex extend beyond those: explained. by
increased chenotaxis. . Indeed,. the novel finding that systenic pre-

treatment wth HMEBI two, weeks: prior to injury also: accelerates : tissue:
regeneration, . with stem cells: remining in Gy, at. this: time: point.
(Fig., 10H)) despite. no extracellular - HMEBI . being- detectable :
syst emcally - to nediate: chenptaxis; or- other - processes ; (Fig.. 101)),

suggests ; that the: cellular ' transition . to G, i.ss a central . mechanism.

Alert:
of: the, accelerated | repair - process. . This; findingi also, expands: the: use
of: HM3Bl into, the: contexts; of planned! or- expected! potential . injury,.
such, as; in sports; medicine, . military - conbat : andl el ective: surgery.. The:
last - is; an area, of’ urgent : unnet: nedical . needl as; each. personi im the:
USA, undergoes ; on, average: 9.2 surgical . procedures s im their: lifetine:

(Leey 2017)y .
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HMEB1 is a pleotropic factor, wth contrasting effects depending on
the redox status. The in vitro screen confirmed that only primng of
human bone-marrow derived MSC by FR or 3S-HMEB1l pronoted osteogenesis

on subsequent exposure to osteogenic factors. It was not found that
exogenous admi ni stration of t he FR- HMGB1 ei t her | ocal |y or
systemically resulted in any untoward inflammation, suggesting that
potential conversion to the proinf lanmatory disulfide form may not be
a limtation when consi deri ng devel oprent of a therapeutic.

Furthernmore, significant difference in the regenerative effects of 3S

conpared to FR-HME1l was not observed.

In summary, a mmjor discovery of recent decades has been the existence
of stemcells and their potential to repair nmany, if not npbst, tissues.

Wth the aging population, many attenpts have been made to use
exogenous stem cells to pronote tissue repair, so far with limted
success. An alternative approach, which may be nore effective and far
less costly, is to pronbte tissue regeneration by targeting endogenous
stem cells. However, ways of enhancing endogenous stem cell function
remain poorly defined. Injury leads to the release of danger signals
which are known to nodulate the immune response, but their role in
stem cell-nmediated repair in vivo remains to be clarified. In this
application it has denonstrated that high nmobility Q:9 group box 1
(HM3Bl ) is released following fracture in both humans and mice, forns
a heteroconpl ex with CXCL12, and acts via OCXCR4 to accelerate
skel etal, hematopoietic, and nuscle regeneration in vivo. Pretreatnent

with HVEBlI 2 weeks before injury also accelerated tissue regeneration,

indicating an acquired proregenerative si gnature. HVGBI led to
sustained increase in cell cycling in vivo, and using Hrgbl /- mce we
identified the wunderlying mechanism as the transition of nultiple
qui escent stem cells from Go to iert . HMEBI also transitions hunman
stem and progenitor cells to guiert . Therefore, exogenous HMEBI benefits
patients in many clinical scenarios, including traunma, chenotherapy,

and elective surgery.

This invention is significant because while stem cell therapy has
become the standard of care for hematol ogical di sorders, challenges
remain for the treatment of solid organ injuries. Targeting endogenous

cells would overcone nany hurdles associated with exogenous stem cell



10

15

20

WO 2019/197898 PCT/IB2019/000384
35

therapy. Alarnmins are released upon tissue danmge, and here it is
described how upregulation of a physiological pat hway by exogenous
adm ni stration of a single dose of HM3EBl, either locally or
system cal ly, pronbtes tissue repair by targeting endogenous stem
cells. It is showmn that HMEB1l conplexed with CXCL12 transitions stem

cells that express CXCR4 from G, to G, These prined cells rapidly

iert "
respond to appropriate activating factors released upon injury. HMGB1
pronotes healing even if admnistered 2 weeks before injury, thereby

expanding its translational benefit for diverse clinical scenarios.

Exanmpl e 2

A nodel is developed in which a highly-conserved injury signal, HMGEBL1,
acts via a well-established naintenance signaling pathway, CXCL12-
CXCR4, to pronbte tissue regeneration as depicted in Fig. 4N. This
pathway is targeted to accelerate healing in any tissue that relies
on repair by cells that express CXCR4 and can transition to Gy, . FR
HMEB1 is administered as a single dose either locally or systemically
soon after injury or even up to 2 weeks before injury to accelerate
heal i ng. Administration up to 2 weeks before injury accelerates
heal i ng. Administration up to 3 weeks before injury also accelerates
heal i ng. Additionally, admnistration at the time of injury or soon

after injury accelerates healing.
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A method of jpreventing @ consequence «of @an @nticipated {injury imn @
subj ect whi ch conpri ses adm ni stering to the subject a
therapeutically effective amunt of the fully reduced (all thiol)

form of HM3Bl «©or a biologically active truncated form of HVEBI, 30

t0 prevent +the consequence «of the anticipated :injury.

o)
(%)

The nethod ©of claim 1, wherein the fully reduced form of HVEBI or
the biologically active truncated form «of HVGBI formse a
het eroconpl ex with CXCL12 capable «of binding to ICXCR4 ..

The nethod of claim 2, wherein the heteroconplex binds to CXCR4 .
The nethod of any one of clains 1-3, wherein the fully reduced form
of HMEBI or the biologically active truncated form of HM3El acts
on a tissue of the subject which relies on repair by stem cells or
other cells that express the surface receptor CXCR4 .

The nmethod of any one of clains 1-4, wherein the anticipated .injury
is an injury to a tissue of the subject which relies on repair by
stem cells or other cells that express the surface receptor CXCR4.

The nethod of any one of clainms 1-5 wherein the anticipated injury

s surgery.
The nethod of claim 6, wherein the surgery is elective surgery.
The nethod of claim 7, wherein the elective surgery involves tissues
that rely on repair by CXCR4 positive cells..

The nethod of claim 8, wherein the CXCR4 positive cells are CXCR4+
stem cells.

The nmethod of any one of clains 6-9,. wherein the surgery is knee,
hi p, ankl e, shoul der, el bow, . wrist, digital, pelvic or spinal
surgery .

The nethod. of claim 10, wherein the surgery is joint replacenent
surgery- or- fusion. surgery..

The: met hod of any one: of cl ai ns: 6-11,. wherein. the surgery i.s surgery-
to,. or- affecting,. the skin,. abdonen. or pelvis: and viscera. t herein,.
thoracic: viscera,. brain, eye, spinal. cord and/or associated. nerves,.
head and/or: neck,. peripheral . nerves, or' blood. vessels..

The. met hod of any one: of clains: 1-12,, wherein. the: anticipated . injury’
is an injury- t.o, a bone: or- a bone: tissue..

The: nethod| of: clains; 13,, wherein. the: anticipated! injury’ i.s a bone:

fracture:.
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The nmethod of claim 13 or 14, wherein the nethod inproves bone
fracture healing in the subject after the anticipated injury.

The nethod of any one of clains 1-15, wherein the anticipated injury
is an injury to the heart or other nuscle.

The nethod of claim 16, wherein the other nuscle is skeletal nuscle.
The method of any one of clainms 1-17, wherein the anticipated injury
is an injury to skin.

The method of any one of clainms 1-18, wherein the anticipated injury
is an injury to cartil age.

The method of claim 19, wherein the anticipated injury is an injury
to cartilage in joints.

The nethod of any one of clainms 1-20, wherein the anticipated injury
is an injury to ligaments or tendons.

The nethod of any one of clains 1-9, wherein the anticipated injury
is an injury to an eye.

The nethod of any one of clains 1-9, wherein the anticipated injury
is an injury to the brain.

The nethod of any one of clains 1-9, wherein the anticipated injury
is an injury to the abdonen and/or abdomi nal viscera.

The nethod of any one of clains 1-9, wherein the anticipated injury
is an injury to the pelvis and/or pelvic viscera.

The nethod of any one of clains 1-9, wherein the anticipated injury
is an injury to thorax and/or thoracic viscera.

The nmethod of any one of clains 1-9, wherein the anticipated injury
is an injury to the skin, abdonmen and/or viscera therein, thoracic
viscera, brain, weye, spinal cord and/or associated nerves, head
and/ or neck, peripheral nerves, or blood vessels.

The method of any one of clains 1-27, wherein the method inproves
blood <cell regeneration in the subject after the anticipated
injury.

The nethod of any one of clains 1-28, wherein the nethod inproves
bone nmarrow regeneration in the subject after the anticipated
injury .

The nethod of any one of clains 1-29, wherein the method inproves

tissue regeneration in the subject after the anticipated injury.
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The nethod of «claim 30, wherein +the tissue i:s bone tissue,

‘haemat opoi etic tissue, «©or nuscle tissue, :including «cardiac nuscle
and skel etal nuscle..

The method of any one of «lainms 1-31, wherein the «consequence i:s
tissue damage or tissue loss, or blood damage «or blood |oss.

The method of any one of «claims 1-31, wherein the consequence i
del ayed fracture healing or abnormal regeneration.

The nethod of any one of clainms 1-31, wherein the consequence is
i mpl ant  adhesi on.

The nethod of claim 34, wherein the inplant adhesion is associated

with a joint arthroplasty.

The nmethod of any one of clains 1-31, wherein the consequence is
fibrosis and/or scaring.

The nethod of claim 36, wherein the fibrosis or the scarring occurs
during or after a surgery.

The method of any one of clainms 1-37, wherein the subject is
anticipated to be involved in an activity known to cause an
increased risk of sustaining the anticipated injury.

The nmethod of any one of clains 1-38, wherein the subject is
anticipated to be involved in sports activities or in nmlitary

conbat .

The nmethod of any one of clainms 1-39, wherein the admnistration

i's systenic.

The nethod of any one of clainms 1-39,. wherein the admnistration

is lLocal.,

The nmethod of any one of clainms 1-41,. wherein the fully reduced

form of HMGBl is adnministered to the subject.

The method of any one of clainms 1-41,. wherein the biologically

active truncated form of HM3E1l is administered to the subject.

The nethod of any one of clains 1-41, wherein the fully reduced

form of HMEBI, or the biologically active truncated form of HMGBI,

is a fully reduced. (FR: all-thiol HMEBI. (FR- HVZBI.).

The: method. of any- one: of clainms: 1-41,. wherein. the: fully reduced.
form of HM3BI,, or: the biologically active: truncated. form of HVGBI, -
i_ss a reconbi nant . non-oxidi zabl e : one-serine: form (1)) of HVEBI. (1S=

HVEBI ), in which a cysteine: at. one: of C23,. C45,. or Cl06 i.s repl aced
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by @ serine, preferably wherein two ssuch cysteines are replaced lby

@ serine.

‘The nethod of any one of «clainms 1-41, wherein ithe fully reduced

form of HMEB1 or the piologically :active truncated form of HVGB1

is @ reconbi nant jnon-oxidi zable +two-serine form {25 of HMEBl1 (25—

HMEBI) in which the cysteines @t both 23 and 45 or both A5 @and

C106 are replaced by a serine.

The wnethod of any one of clainms 1-41, wherein the fully reduced

form of HM3BI or the biologically active truncated form of HMGBI,
a reconbi nant non-oxidizable all-serine form (35 of HVEBI (35

is
HVGEBI) in which the cysteines at each of C23, €45, and Cl06 are
repl aced by a serine.

The nethod of any one of clains 1-48, wherein the administration
of the fully reduced form of HM3BI, or the biologically active
truncated form of HMEBI, is one day to one month prior to the

anticipated injury.
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